In a recent Opinion paper, Wegner (Journal of Experimental Botany 65, 381-392, 2014) adapts a concept developed for water flow in animal tissues to propose a model, which can explain the loading of water into the root xylem against a difference in water potential (Ψ) between the xylem parenchyma cell (more negative Ψ) and the xylem vessel (less negative Ψ). In this model, the transport of water is energized through the co-transport of ions such as K + and Cl -through plasma membrane-located transporters. The emphasis of the model is on the thermodynamic feasibility of the co-transport mechanism per se. However, what is lacking is a quantitative evaluation of the energy input required at the organismal level to sustain such a co-transport mechanism in the face of considerable net (transpirational) flows of water through the system. Here, we use a ratio of 500 water molecules being co-transported for every pair of K + and Cl -ions, as proposed for the animal system, to calculate the energy required to sustain daytime and night-time transpirational water flow in barley plants through a water co-transport mechanism. We compare this energy with the total daily net input of energy through photosynthetic carbon assimilation. Water co-transport can facilitate the filling of xylem against a difference in Ψ of 1.0 MPa and puts a minor drain on the energy budget of the plant. Based on these findings it cannot be excluded that water co-transport in plants contributes significantly to xylem filling during nighttime and possibly also daytime transpiration.
Introduction
The concept that water moves along a difference in its chemical free energy, 'water potential' (Ψ), and cannot be pumped against such a difference, is as central to the understanding of functioning of plants as the idea that roots provide minerals and shoots provide carbon and energy (Steudle and Peterson, 1998) . However, those who have analysed exudation of excised root systems of plants growing in low-Ψ media, such as during salinity, may have come across the phenomenon of reverse osmotic gradients, where the osmolarity of the exudate is lower than that of the root medium. The observation that water can flow against reverse osmotic gradients is well documented not only for plants (e.g. Kramer, 1932; Pickard, 2003) , but also for animal tissues (for a review, see Zeuthen, 2010) . There exist a range of explanations for this phenomenon. One possible explanation is that water is co-transported with solutes across the plasma membrane, and that the energy released through transport of solutes drives water movement against a difference in Ψ (for reviews, see Zeuthen, 2010; Wegner, 2014) .
The idea of water co-transport has been developed primarily to explain water transport in some animal epithelia. In a recent Opinion paper, Wegner (2014) adapts this concept to plants, in particular with respect to transport of water from xylem parenchyma into xylem vessels/apoplast. Similar to animal tissues, water is proposed to be co-transported with K + and Cl -through plasma membrane-localized transporters belonging to the family of CCC (cation-chloride)cotransporters (Gamba, 2005; Zeuthen, 2010) . For a coupling ratio of 500 water molecules being co-transported for every pair of K + and Cl -ions-a figure derived from experiments on animal tissues (Zeuthen, 1994 (Zeuthen, , 2010 -the co-transport is shown to permit thermodynamically water transport against a difference in Ψ (ΔΨ). While co-transport of water is thermodynamically feasible, the question of how much energy such a co-transport mechanism requires in the face of considerable net flow of water through the system still remains to be addressed, for both animal and plant systems. This question is followed up here by using barley as a model plant. The basic approach is as follows.
(i) Use figures from the literature for concentrations of K + and Cl -in barley root cells (cytoplasm) and xylem, and of membrane potential of root cells, to calculate the chemical energy that becomes available to fuel water co-transport when K + and Cl -are transported together from xylem parenchyma cells into xylem vessels.
(ii) Use the information provided through (i) to construct a relationship of the number of water molecules being co-transported depending on the size of the energetically uphill difference in Ψ between the xylem parenchyma cell (more negative Ψ) and the xylem vessel (less negative Ψ). (iii) Use a coupling ratio of 500 water molecules being cotransported for every pair of K + and Cl -ions as proposed for the animal system (Zeuthen, 2010) to calculate the total energy required for water co-transport, if all the water transpired by a barley plant during the day or night enters root xylem vessels through a co-transport mechanism.
(iv) Take a typical figure for the photosynthetic net assimilation rate of carbon, together with the energy released through oxidation of glucose in mitochondria, to obtain a value of the maximum available rate of chemical energy production through photosynthesis during the day. (v) Relate to each other the figures obtained through (iii) and (iv). This gives an estimate of how significant a drain any water co-transport is potentially for the energy budget of the plant. (vi) Finally, we can also look at the water filling of xylem as a potential source, not a drain, of chemical energy: if water enters xylem along an energetically downhill difference of its chemical energy (lower Ψ in xylem) as generally assumed for daytime transpiration, irrespective of the existence of any co-transport mechanism, how much chemical energy is potentially released in this process that could be used to fuel other reactions, given the amount of water transpired by plants? How does this potential energy source compare with the amount of chemical energy fixed through photosynthetic carbon assimilation?
In the following section, these points are dealt with step by step. Although the model of water co-transport has been developed specifically to explain transport of water against an energetically uphill difference in Ψ, we will initially consider cotransport of water as the only mechanism of water transport across the plasma membrane, irrespective of the thermodynamic direction of the difference in Ψ. This is done purely for simplicity, as we are interested in the energetic sustainability of such a co-transport, independent of other modes of water transport across the plasma membrane such as diffusion through the lipid bilayer and aquaporins 
] between the inside (subscript 'i') and outside (subscript 'o') of a cell:
A positive value of Δμ i-o reflects transport down a difference in energy, being spontaneous; a negative value of Δμ i-o reflects transport against a difference in energy, requiring external input in energy to occur (see Fig. 1 ; for a full definition of μ, see, for example, Noble, 1991 
where RT (R, general gas constant; T, absolute temperature in Kelvin) equals 2. 
where Cl 
and (Zeuthen 1994 (Zeuthen , 2010 , whereas in xylem fluid with 3 mM K + this ratio approximates 1:100 000]. Therefore, the amount of energy invested into every cycle of K + and Cl -being exported together from cells and taken back up into the cell is independent of (i) the existence of a water co-transport mechanism and, therefore, (ii) the size of the difference in Ψ between inside and outside a cell. It is merely the energetic efficiency of the co-transport mechanism that changes with the number of water molecules being co-transported with every pair of K + and Cl -ions. The chemical energy of water 'μ(H 2 O)' is defined as:
and Energy cost of a putative water co-transport mechanism | 733 where ΔΨ i-o is the difference in Ψ (MPa) between inside and outside a cell, and V H2O the partial molal volume of water (1.805 × 10 -5 m 3 mol -1 ). As 1 MPa corresponds to 10 6 J m -3 , Equation 8 can be written as (see also Fig. 1 ):
is positive, and water can exit the cell down a difference in energy, through simple or facilitated diffusion; if Ψ o is less negative than Ψ i , Δμ i-o (H 2 O) is negative and net water movement out of the cell cannot occur through diffusion (see also Fig. 2 ). In the latter case, transport of water could be facilitated through co-transport with K + and Cl -.
Relationship between the number of water molecules being co-transported and ΔΨ i-o
The number of water molecules 'y' that can be co-transported for every pair of K + +Cl -ion dependent on the difference in Ψ (ΔΨ i-o ) between the xylem parenchyma cell and vessel can be calculated by dividing the energy released through transport of 1 mol of K + plus 1 mol of Cl - (Equation 6 ) through the energy required to transport 1 mol of water molecules for a given ΔΨ (Equation 9). This results in a relationship of: Figure 3 shows that from the thermodynamic point of view, >5000 water molecules can be co-transported for every pair of K + and Cl -ions against an energetically uphill difference in Ψ (xylem Ψ being less negative) of 0.1 MPa; co-transport of 514 water molecules permits movement against a ΔΨ i-o of 1.0 MPa. If we use a number of 500 water molecules being co-transported, as proposed for the animal system (Zeuthen, 2010) , the plant equivalent co-transport system facilitates movement of water against a ΔΨ that is likely to exceed ΔΨ even under conditions of low root medium Ψ such as during drought and salinity (e.g. 200 mM NaCl in soil solution lowers soil Ψ by ~1.0 MPa).
Energy required to support transpirational water loss through the water loading of xylem through a co-transport mechanism
The transpiration rate of a 2-to 3-week-old barley plant which is grown in a growth chamber under controlled conditions (~300-400 μmol photons m -2 s -1 photosynthetically active radiation, 21 ºC, 70% relative humidity) averages 8. . The amount of energy that has to be invested by a xylem parenchyma cell to sustain export (and subsequent adsorption) of a pair of K + and Cl -ions is 9.27 × 10 3 J mol -1
. If 500 water molecules are co-transported with every K + and Cl -pair, the amount of energy required to co-transport water is [(9.27/500)×10 3 J mol . In the night, the energy required calculates to 1.04 × 10 -5 J s -1 (Fig. 5) . 
Chemical energy net assimilated through photosynthesis and released through glucose oxidation in mitochondria
The net rate of CO 2 assimilation of a 2-to 3-week-old barley plant which is grown in a growth chamber under controlled conditions is 27.9 μmol CO 2 m -2 s -1 (Fricke et al., 1996) . As barley plants of this age have a total leaf area of ~5.9 × 10 -3 m 2 (Knipfer and Fricke, 2011) , the net rate of CO 2 assimilation calculates to 1.64 × 10 -1 μmol CO 2 s -1
. As six CO 2 molecules have to be assimilated for each glucose molecule being formed, the equivalent largest possible 'net glucose production rate' amounts to 2.7 × 10 -2 μmol glucose s . The oxidation of glucose in cells yields 2.87 × 10 3 kJ mol -1 (Noble, 1991) . Therefore, a net carbon assimilation rate Photosynthetic energy budget and water budget of a 2-to 3-week-old barley plant. Values for the net rate of photosynthesis and transpiration rate were taken from Fricke et al. (1996) and Knipfer and Fricke (2011) , respectively. The energy released through glucose oxidation in mitochondria was taken from Nobel (1991). The shoot of the plant shown on the left was ~20 cm tall. (This figure is available in colour at JXB online.) Energy cost of a putative water co-transport mechanism | 735 of 27.9 μmol CO 2 m s -1 provides potentially (2.7 × 10 -8 mol glucose s -1 ×2.87 × 10 6 J mol -1 glucose=) 7.7 × 10 -2 J s -1 of chemical energy to barley plants during the day (see also Fig. 4 ). This is a 'best-case' scenario and does not consider loss of chemical energy associated with the transport of glucose or temporary synthesis and degradation of storage forms of glucose.
How does the energy required to sustain co-transport of water compare with the energy provided through photosynthesis? Basic considerations on barley
If all the water transpired by a 2-to 3-week-old barley plant during the day were to enter the xylem through a co-transport mechanism, 0.12% of the energy provided through photosynthesis would be consumed for this process (Fig. 5) . If only one in every 10 water molecules were to enter the root xylem through a co-transport mechanism, 0.012% of the energy provided through photosynthesis would be consumed in this process. In a set-up where the night period lasts for as long as the day period (12 h each), water co-transport sustaining 100% of night-time transpiration would consume 0.0135% of the energy provided through photosynthesis during the day (Fig. 5) ; a 10% contribution of water co-transport to night-time transpiration would consume 0.0135% of energy provided through photosynthesis.
Significance of co-transport during transpiration
One could argue that the whole point of having a co-transport mechanism is that water can be transported against a difference in Ψ (xylem vessel Ψ is less negative than Ψ of xylem parenchyma cells) and that there is little point in having this mechanism operating during the day when xylem tensions lower Ψ and water can enter xylem vessels along an energetically downhill difference in Ψ through diffusion through the lipid bilayer and aquaporins. However, one cannot exclude in principle the possibility that co-transport of water provides an additional basic mechanism through which water can exit xylem parenchyma cells and enter xylem vessels. The above calculations do not rule out that such a mechanism is energetically unsustainable, even if all water molecules entered xylem vessels through co-transport, and during daytime transpiration. We do not have precise energy budgets for plants for individual components of their daily functioning and cannot say with certainty whether a figure of 0.12% expenditure of energy for a water co-transport mechanism does or does not impact significantly on plant performance during the day-period.
An energetically uphill difference in Ψ is more likely to be encountered during the night period. The above calculations show that under night-time transpiration conditions, the exclusive loading of xylem with water through a co-transport mechanism consumes 0.0135% of the energy provided through daytime photosynthesis. This figure does not rule out the possibility that water co-transport makes a significant contribution to xylem loading during the night. even though it is not clear how much of the energy assimilated during the day is still available during a subsequent night period, and how much of this residual energy is required to sustain growth during the night.
Application of the above considerations to further plant species
The above calculations were performed using values for barley plants grown in a growth chamber. One may ask whether the same conclusion would have been reached for other plant species and for plants grown in the field. The relationships shown in Fig. 4 (conversion of CO 2 assimilated into energy provided through photosynthesis) and Fig. 5 Table S1 available at JXB online lists values of WUE for a range of species, including trees, for individual leaf, plant, or stand level. The values were taken from the literature. The total photosynthetic energy gain in these exemplary cases can fuel between 700% and 21 200% of daytime transpirational water flow, if all of this water flow was facilitated by loading of xylem through a water co-transport mechanism. Most of the figures are in the region of 5 000-20 000% (50-to 200-fold); that is, the energy required to support the entire daytime transpirational water loss through a water co-transport mechanism approximates 0.5-2% of the photosynthetic energy gain. These data support the above conclusions for barley that the energy, which is involved in sustaining a water co-transport mechanism of xylem loading does not rule out a significant contribution during daytime transpiration. Furthermore, even though night-time transpirational water loss rates are not known for the examples listed in Supplementary Table S1, current evidence suggests that night-time transpirational water loss rates of plants are generally between 5% and 20% of daytime rates, with slightly lower values in tropical evergreen forests (Caird et al., 2007; Dawson et al., 2007; Christman et al., 2009) . When these figures are applied to the examples shown in Supplementary Table S1 , night-time transpiration, where all water was loaded into the xylem through a water cotransport mechanism, would consume between 0.025-0.4% of the energy assimilated through photosynthesis during the day. Even though only a fraction of daytime photosynthetic energy gain will be available during the night period, these data suggest that a co-transport mechanism of xylem water filling is energetically sustainable during the night period for most of the cases shown in Supplementary Table S1 .
Guttation and root exudation
The above examples applied to water flow rates as they can occur during day-and night-time transpiration, whereby it is not clear whether night-time transpirational water loss is stomatal or cuticular in nature and is associated with significant xylem tensions (for a review, see Caird et al., 2007) . Wegner (2014) , in his review, addresses the possibility that a water co-transport mechanism of xylem loading supports the establishment of root pressure, which in turn aids refilling of xylem vessels which are embolized during the light period. Guttation, the exudation of water in liquid form onto plant (aerial) surfaces, is driven by root pressure (Kramer and Boyer, 1995) . Data on rates of guttation, in particular in relation to the transpirational water loss and the net rate of carbon assimilation, are hard to come by, as we have verified by making a thorough check of the literature. Guttation can vary widely among species and with environmental conditions (Kramer and Boyer, 1995) . In 1-week-old barley seedlings, for example, the rate of guttation of the primary leaf ranges from 1.4 mm 3 h -1 to 2.4 mm 3 h -1 , or 3.9 to 5.5 × 10 -13 m 3 s -1 (Dieffenbach et al., 1980) . This amounts to ~2% of the daytime transpirational water loss rate in slightly older (9-13 d) barley plants (2.32 × 10 -11 m 3 s -1 ; Suku et al., 2014) . Based on these figures it cannot be excluded that a water co-transport loading of xylem vessels contributes significantly to water flow associated with guttation. A more thorough quantitative assessment requires studies in which the rates of night-and daytime transpirational water loss are analysed together with the rates of guttation and the net rate of photosynthetic carbon assimilation. An alternative approach is to take exudation rates of isolated root systems as being representative of the ability of plants to establish a root pressure that can drive water flow associated with guttation. In 9-to 28-day-old barley plants, exudation rates of isolated root systems amount to 14-34% of daytime transpirational water loss rates (Suku et al., 2014) . If such rates were sustained in intact plants during the entire night period, between 0.017% and 0.041% of day-time photosynthetic energy provision would have to be invested for loading water into xylem vessels through a cotransport mechanism. On the basis of the energy involved, this does not rule out the possibility that a water cotransport mechanism of xylem loading contributes significantly to exudation (and possibly guttation) rates in barley plants.
Transpirational water flow as a potential source of energy
A brief excursion: water filling of xylem as a potential source of chemical energy
The main aim of the above calculations was to assess the energetic sustainability of a water co-transport mechanism in relation to the overall energy and water flow budget of the plant. The question was whether the movement of substances other than water can energize the co-transport of water across the plasma membrane of xylem parenchyma cells. Finally, we make a brief 'excursion' from this aim and approach the topic from the opposite end, by asking how much chemical energy can potentially be released when water moves into the xylem down a difference in Ψ (xylem vessel Ψ more negative than xylem parenchyma Ψ), irrespective of the mode of transport. This energy could be used to drive the movement, or synthesis, of other substances rather than being lost as heat. Given the daytime transpiration rate of a 2-to 3-week-old barley plant (5.55 × 10 4 mol of H 2 O) and the relationship between ] we can calculate that the energy 'E' which is potentially released through water movement along a difference in Ψ is: Figure 6 shows that for a ΔΨ i-o of ~0.9 MPa (xylem vessel/ apoplast Ψ being more negative than Ψ in parenchyma cells),
Energy cost of a putative water co-transport mechanism | 737 the potentially available energy equals 0.1% of the photosynthetic energy gain of a plant. For a difference in Ψ of ~0.4-0.5 MPa, which is in the range of xylem tensions measured with the xylem pressure probe in grasses (Schneider et al., 1997; Melcher et al., 1998) , the available energy approximates 0.05% of the photosynthetic gain in energy. While these figures are small in comparison with the energy that can be assimilated through photosynthesis, they may provide a significant additional source of energy at times when photosynthesis is impaired or in those parts of the plant (xylem filling in roots) that do not photosynthesize themselves. Currently no mechanistic model that can link the energy released through the movement of water through the phospholipid bilayer or through aquaporins to the movement or catalytic modification of other substances exists. However, as regards co-transport of water with ions such as K + and Cl -, we can ask whether the primary aim of such a co-transport in plants is not so much the energization of water transport against a difference in μ(H 2 O) as proposed for animals, but vice versa the energization of transport of substance(s) against a difference in μ(substance) driven by a difference in ΔΨ. For example, co-transport of water with K + across the plasma membrane of xylem parenchyma cells can support the maintenance of a negative (inside cell) membrane potential and save energy that needs otherwise to be invested into the activity of the plasma membrane H + -ATPase. A co-transport mechanism, where water is the driving force behind the co-transport, does not require any additional input of energy but converts a naturally occurring difference in Ψ between soil and atmosphere into chemical work. Is it possible that there exists something like an H 2 O-driven ATP-synthase in the plasma membrane of plant cells?
Finally, a comment as to how aquaporins fit into any putative mechanism of co-transport of water (see also Wegner, 2014) or H 2 O-driven ATP-synthase. Aquaporins occur ubiquitously in plant cell membranes, and many aquaporins facilitate the movement of water across membranes (for reviews, see Tyerman et al., 1999; Maurel et al., 2008) . Therefore, aquaporins will inevitably speed up the dissipation of differences in Ψ across membranes and, through this, effectively provide a short-cut for any water co-transport or H 2 O-driven ATP-synthase mechanism. While this raises questions regarding the existence and significance of such mechanisms, and also regarding the biological role of a water-transporting function of aquaporins (e.g. Hill et al., 2004) , one has to remember that reverse osmotic gradients (see discussion in Wegner, 2014) and, particularly, considerable xylem tensions have been measured in plants (Schneider et al., 1997; Melcher et al., 1998; Wei et al., 1999) . The question is rather why these xylem tensions and reverse osmotic gradients can be measured despite the existence of aquaporins. The most likely explanation is that aquaporins can be gated, leading to a turning on and off of their water channel function (Törnroth-Horsefield et al., 2006 ; for a review, see Maurel et al., 2008) . Aquaporins could also function as 'safety valves' by capping maximum rates of energy production through a H 2 O-driven ATP-synthase when xylem tensions are largest; at the same time aquaporins could also provide a means to regulate the energy balance of plants, for example when roots are energy compromised such as during water-logging and flooding. Fig. 6 . The amount of energy (E) which is potentially released in association with water movement from xylem parenchyma cells into xylem vessels during daytime transpiration in a 2-to 3-week-old barley plant. The energy released is plotted dependent on the difference in water potential (ΔΨ) between the xylem parenchyma (less negative Ψ) and the xylem vessel lumen (more negative Ψ). Water spontaneously enters the xylem vessel. At a ΔΨ of ~0.9 MPa (see arrow), the energy which is released and which potentially can be used to carry out (bio)chemical work matches 0.1% of the chemical energy acquired through photosynthetic carbon assimilation and glucose production. Δμ(H 2 O) i-o , difference in chemical potential μ of water between the inside ('i') and outside ('o') of the cell (compare also Figs 1 and 2) . The shoot of the plant shown on the left was ~20 cm tall. (This figure is available in colour at JXB online.) These conditions have repeatedly been shown to turn off the aquaporin pathway (Tournaire-Roux et al., 2003; Bramley et al., 2010; Aroca et al., 2012) .
Supplementary data
Supplementary data are available at JXB online. Table S1 . Some data on water use efficiency (WUE), together with their energetic implications for sustaining any co-transport mechanism of water transport.
